Photosynthetic picoeukaryotes (PPEs) are major oceanic primary producers. However, the diversity of such communities remains poorly understood, especially in the northwestern (NW) Pacific. We investigated the abundance and diversity of PPEs, and recorded environmental variables, along a transect from the coast to the open Pacific Ocean. High-throughput tag sequencing (using the MiSeq system) revealed the diversity of plastid 16S rRNA genes. The dominant PPEs changed at the class level along the transect. Prymnesiophyceae were the only dominant PPEs in the warm pool of the NW Pacific, but Mamiellophyceae dominated in coastal waters of the East China Sea. Phylogenetically, most Prymnesiophyceae sequences could not be resolved at lower taxonomic levels because no close relatives have been cultured. Within the Mamiellophyceae, the genera Micromonas and Ostreococcus dominated in marginal coastal areas affected by open water, whereas Bathycoccus dominated in the lower euphotic depths of oligotrophic open waters. Cryptophyceae and Phaeocystis (of the Prymnesiophyceae) dominated in areas affected principally by coastal water. We also defined the biogeographical distributions of Chrysophyceae, prasinophytes, Bacillariophyceaea and Pelagophyceae. These distributions were influenced by temperature, salinity and chlorophyll a and nutrient concentrations.
INTRODUCTION
Picophytoplankton, unicellular photosynthetic microorganisms <3 μm in diameter, significantly contribute to oceanic biomass and primary production (Li 1994; Worden, Nolan and Palenik 2004; Jardillier et al. 2010) . The photosynthetic picoeukaryotes (PPEs), together with the picocyanobacteria, Prochlorococcus and Synechococcus, are the major picophytoplankton groups. Despite PPEs are much less abundant than picocyanobacteria in open oceans, the PPEs contribute significantly to oceanic CO 2 fixation because of larger cell volumes and higher cell-specific CO 2 fixation rates (Jardillier et al. 2010) .
PPE diversity has been explored over the past decade using various molecular techniques, including cloning/sequencing of nuclear and plastid small-subunit rRNA genes, and dot-blot hybridization employing lineage-specific probes (Moon-van der Staay, De Wachter and Vaulot 2001; Fuller et al. 2006a; Kirkham et al. 2011 Kirkham et al. , 2013 . The diversity of photosynthetically active PPEs in oligotrophic East Mediterranean waters was explored by analysis of psbA transcripts (Man-Aharonovich et al. 2010) . These studies have shown that PPEs are phylogenetically diverse, identified new dominant lineages, and shed light on the biogeographical distributions of PPEs at higher taxonomic levels (Vaulot et al. 2008; Massana 2011) . Many studies have explored spatial PPE diversities using lineage-specific oligonucleotide probes, dot-blot hybridization and/or genetic libraries (Fuller et al. 2006a,b; Kirkham et al. 2011 Kirkham et al. , 2013 . However, the limited number of molecular probes and the difficulties (cost and time) of cloning impede high-resolution analysis of PPE diversity and distribution.
Recently, high-throughput sequencing methods (obviating any need for cloning) have become widely used in studies on microbial ecology (Caporaso et al. 2011; Zhou et al. 2011; Choi, Noh and Lee 2014; Choi, Selph and Noh 2015) . For example, 384 samples with different index tags may be sequenced in a single MiSeq run, yielding at least 10 million paired reads each ∼460 bp in length (Illumina 2013; Kozich et al. 2013) . In addition, a plastid 16S rDNA sequence database useful for exploration of the diversity of photosynthetic eukaryotes (using a metabarcoding approach) has recently been established (Decelle et al. 2015) . High-throughput tag sequencing should simultaneously reveal the spatiotemporal distribution of PPEs and their phylogenetic relationships. The northwest Pacific Ocean features several environmental gradients, oligotrophic tropical/subtropical warm pools, the oligotrophic subtropical Kuroshio Current and mesotrophic/eutrophic marginal seas. Recently, despite distribution of picocyanobacterial diversity and functional gene related with dimethyl sulfide production was reported along the environmental gradients Choi, Selph and Noh 2015) , this ocean remains one of least explored areas on earth, although it is important to understand the biological connections between the east and west Pacific Oceans and those of environments exhibiting large trophic gradients. Thus, to explore PPE biogeography and the ecological niches occupied by these organisms, we evaluated PPE diversity along a transect running from coastal to open waters of the NW Pacific by tag-sequencing plastid 16S rDNAs using the MiSeq platform. We report the spatial distributions of dominant PPE lineages at the genus level.
MATERIALS AND METHODS

Study sites
Water samples were collected during a cruise (POSEIDON) in the NW Pacific Ocean, from 26 May to 12 June 2010, that studied the environments and interactions between the deep ocean and marginal seas. We sailed on the R/V Onnuri (Fig. 1) . Stations (Stns) on the lines F and P are located in a tropical/subtropical warm pool affected by the oligotrophic North Equatorial Current (NEC). Stations on line B are located in a subtropical area affected principally by the warm oligotrophic Kuroshio Current (KC). Stn B5 is located on the boundary of continental shelf and continental slope and Stn B3 is on relatively shallow shelf area (Fig. 1) . Stations on line A are located in the eastern part of the East China Sea (ECS). Whilst the eastern stations (A1 and A3) are affected principally by an oligotrophic and warm branch current of the KC, Stns I and A7 on the central area of the ECS, are affected principally by shelf water.
At each station, seawater was sampled at four-to-six depths between the surface and a depth of 150 m using Niskin bottles attached to rosette samplers.
DNA extraction, amplicon library construction and sequencing
After gravity prefiltering through 3.0-μm pore-sized polycarbonate filters, water samples (2 L) were passed through 0.2-μm poresized Supor R filters (47 mm in diameter, Gelman Sciences Inc., Ann Arbor, MI, USA), and the filters were stored at -80
• C after the addition of 1 mL STE buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA; pH 8.0). DNA was extracted using the method of . To amplify plastid 16S rRNA genes, the non-degenerated marine algal plastid-biased forward primer, PLA491F (5 -GAGGAATAAGCATCGGCTAA-3 ; Fuller et al. 2006b) , and the bacteria-specific universal primer 907R (5 -CCGTCAATTCCTTTGAGTTT-3 ; Muyzer et al. 1995) were used. Amplicon PCR, PCR cleanup, and index PCR were generally performed as described in the MiSeq manual (Illumina 2013; Illumina, San Diego, CA, USA) . However, FastStart Taq DNA polymerase (Roche, Basel, Switzerland) was used in PCR reactions, and the annealing temperature of the first PCR reaction was 60
• C. After cleanup of the second PCR reaction using AMPure XP beads (Beckman Coulter Inc., Brea, CA, USA), final PCR products were quantified using a nanodrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). Identical quantities of each product were pooled, and the products sequenced on the Illumina MiSeq 2 × 300 PE platform of Chunlab (Seoul, Korea). We sequenced 80 samples together with 233 samples obtained in another study.
Sequence data analyses
Sequence reads were processed using the Mothur software (Schloss et al. 2009 ) as suggested by the MiSeq standard operating procedures (SOPs), with some modifications (http://www.mothur.org/wiki/MiSeq SOP) (Kozich et al. 2013) . When read pairs were assembled into contigs, a Q value of 20 was used as the minimum threshold quality score. Any contigs with ambiguous bases (N) and shorter than 400 bp or longer than 525 bp were removed. A Silva database (SSURef NR99 119 SILVA 14 07 14 opt.arb) was used as a reference during alignment. Poorly aligned sequences (<90% similar to reference sequences) were removed. In addition, sequences with >9 homopolymer repeats, and those not exhibiting full alignment between the forward and reverse primers, were removed. Noise in the remaining sequences was removed using the 'pre-cluster' command, which permitted up to four differences between sequences (one per 100 bp), and chimeric sequences were also removed using the UCHIME algorithm. Each sequence was next classified using the naïve Bayesian classifier with a bootstrap cutoff of 80% (Wang et al. 2007) . For classification, a reference sequence file and a corresponding taxonomic information file were created by merging and modifying a recently published plastid sequence database, PhytoREF (Decelle et al. 2015) and a SEED database (http://www.mothur.org/wiki/Silva reference files) containing prokaryotic and eukaryotic 16S rDNA sequences. All sequences from heterotrophic bacteria, cyanobacteria and embryophytes were removed upon subsequent analysis. For phylogenetic analysis, sequences previously aligned in the sequence classification step were added to the reference alignment and adjusted manually. A total of 100 bootstrapped maximum likelihood trees were constructed using the RAxML software (ver. 8.0.200) running the GTRGAMMA model (Stamatakis 2006) . All sequence reads have been submitted to the National Center for Biotechnology Information sequence read archive (http://www.ncbi.nlm.nih.gov/Traces/sra; accession number SRX1121823).
Other analyses
Picophytoplankton abundance was determined using a Beckman-Coulter Altra flow cytometer (Campbell and Vaulot 1993) . Seawater temperature and salinity were measured using a CTD (SBE911; Sea-Bird, WA, USA) mounted on a rosette sampler. Chlorophyll a (chl a), extracted into 90% (v/v) acetone, was quantified using a Turner fluorometer (10 AU; Turner Designs, Sunnyvale, CA, USA; Parsons, Maita and Lalli 1984) .
Canonical correspondence analysis (CCA) was performed with the aid of the Canoco for Windows software package (ver. 4.51) to identify factors controlling the distributions of the major PPE groups. Explanatory variables (depth, nitrate, phosphate, chl a and PPE abundance), but not temperature or salinity, were log(x+1) transformed, and response variables (percentages of PPE groups) were square-root-transformed prior to analysis. The CCA model was constructed using forward selection, guided by Monte Carlo permutation significance tests.
RESULTS
Physical characteristics of the study area
The water temperature was high in the warm pool and tended to decrease toward higher latitudes (Fig. 2) . At stations on the F-transect, surface temperatures were >30
• C and the 25 • C isotherm extended below 150 m. These values were similar at stations on the P-transect, but the 25 • C isotherm was shallower at Stns P7 and P11, indicating that these stations were close to the outer boundary of the warm pool, and differed in terms of physicochemical characteristics from other low-latitude warm pool locations. In the eastern part of the Kuroshio area, relatively high water temperatures and salinities were maintained, Black shaded and gray shaded areas represent sea bottom and blank without measured data, respectively. but these abruptly decreased toward the west (Stn B3) i.e. the outer boundary of the continental shelf. In the ECS, the seawater temperature was <21 • C, thus, much lower than that of the warm pool. Salinities lay within narrow ranges in the warm pool and Kuroshio areas. However, at Stns A7, A5 and I, the salinities were <33; these stations were thus affected by coastal freshwater. Conversely, at Stns A3 and A1 on the Kuroshio branch current, the salinities were higher.
Picophytoplankton abundance
The abundance of the three major picophytoplankton groups changed dramatically at the boundary of the continental shelf and the slope i.e. between Stns B3 and B5 (Fig. 3) . As is true of other oligotrophic open oceans (Partensky, Hess and Vaulot 1999) , Prochlorococcus was the most abundant (by 1-2 orders of magnitude) picophytoplankton in the warm pool and the KCaffected deep subtropical area of the NW Pacific Ocean. Conversely, Synechococcus was most abundant in shelf waters, especially in stations dominated by coastal waters (Fig. 3) . The trend in PPE abundance was similar to that of Synechococcus levels. Compared to Synechococcus, PPE abundance was relatively higher in the warm pool but lower in the ECS. Chl a (including divinyl chl a) levels exhibited a pattern very similar to those of the abundances of Prochlorococcus and PPE in the warm pool, suggesting that these groups made the greatest contributions to chl a levels (Fig. 3) .
PPE diversity
A total of 1041 676 MiSeq sequences passed the trimming and screening procedures based on length and ambiguity. After additional screening for homopolymer and chimera, 8397 sequences were removed. Among the remaining sequences, 885 234 sequences were plastid 16S rDNA, and 127 710 sequences (12.6%) were bacterial 16S rDNA sequences. The number of sequences per sample was 3609-21 234 (mean ± SD: 11 199 ± 2932), except for an extremely low number of sequences (438) from the 0 m sample of Stn F1. Prymnesiophyceae and Mamiellophyceae were the predominant PPEs in oligotrophic pelagic waters and the ECS, respectively (Fig. 4) . However, Prymnesiophyceae was prominent at the sea surface of Stn A5 and Mamiellophyceae dominated at subsurface depths with high chl a concentration in the Kuroshio area. Sequences of the Chrysophyceae-Synurophyceae clade (hereafter, the Chrysophyceae) constituted up to 37% in warm pool and Kuroshio areas, especially in the subtropical region (Fig. 4) . Together with Prymnesiophyceae and Mamiellophyceae, Bacillariophyceae was a dominant PPE in the lower euphotic depths of shelf waters, but not in the warm pool (Fig. 4) . Prasinophytes, Cryptophyceae and Pelagophyceae were relatively uncommon and exhibited restricted geographical distribution patterns in the western Pacific (Fig. 4) . Pelagophyceae tended to occur at relatively high levels at lower euphotic depths. On the contrary, Cryptophyceae appeared only in areas affected by coastal waters, accounting for around 10% of all PPEs in such regions.
Sequences of the Mamiellophyceae could be grouped at the genus level by phylogenetic analysis of the major operational taxonomic units (OTUs) identified by sequence identities of about 99% (no more than four differences per a ca. 400-bp amplicon). Micromonas sp., Ostreococcus sp., and Bathycoccus prasinos were the dominant genera (Fig. 5) . Notably, their geographical distributions differed (Fig. 6) . Micromonas sp. were dominant in shelf waters, but Ostreococcus was most common in shelf waters affected by oligotrophic open water and at the deep chlorophyll maximum (DCM) depths of the subtropical Kuroshio and warm pool areas, generally along a nutricline (Fig. S1 , Supporting Information). Conversely, Bathycoccus prasinos numbers were maximal (ca. 10% of all PPEs) at the DCM depths of tropical waters. Prymnesiophyceae, the principal PPE of oligotrophic waters, was further classified at lower taxonomic levels (Fig. 5) . However, most OTUs of the Prymnesiophyceae did not cluster into a clade containing culture isolates (Fig. 5) . Thus, unknown Prymnesiophyceae constituted ca. 80% of all such organisms at the surface of the warm pool, and decreased with both depth and higher latitudes (Fig. 6) . However, Phaeocystis sp., a member of the Prymnesiophyceae, tended to prefer coastal waters, accounting for up to ca. 50% of all PPEs in the ECS. Sequences closely related with Braarudosphaera bigelowii, belonging to a lineage of symbiotic hosts of nitrogen-fixing cyanobacterium UCYN-A (Thompson et al. 2014) , occurred at significant levels in subtropical warm pool and Kuroshio areas.
Dictyochophyceae were few in number (<4% of all PPEs) but were broadly distributed in the study area (Fig. S2 , Supporting Information). Other PPE lineages including Dinophyceae, Trebouxiophyceae and Eustigmatophyceae were detected at low levels in only a few samples (Fig. S2 , Supporting Information).
Environmental factors affecting PPE distribution
CCA analysis showed that PPE lineage distribution was associated with certain environmental variables (Fig. 7) . As expected from their spatial distributions, the three genera of the Mamiellophyceae lay on the right side of the biplot, indicating that they prefer relatively eutrophic conditions with high levels of chl a and inorganic nutrients. A similar trend was evident for the Cryptophyceae, which seem to favor less-saline coastal waters and low temperatures. In addition, the high PPE levels in shelf areas seemed to be attributable to the presence of Cryptophyceae and Micromonas. On the contrary, Prymnesiophyceae, Chrysophyceae and prasinophytes preferred warm oligotrophic waters.
DISCUSSION
Large-scale PPE diversity in the northwestern Pacific Ocean was studied via tag sequencing of plastid 16S rDNAs using the MiSeq platform. We defined the biogeographical distributions of PPE lineages at low taxonomic ranks, and their ecological niches.
Eukaryotic picoplankton are phylogenetically very diverse and include undescribed lineages (Epstein and Lopez-Garcia 2008; Massana and Pedros-Alio 2008; Vaulot et al. 2008) . We obtained 140 680 OTUs. Although the number of OTUs fell to 14 400 and 7763 after the exclusion of singletons and doubletons, respectively, the PPEs of the NW Pacific are genetically diverse.
In ECS shelf areas, three genera of the Mamiellophyceae dominated (Fig. 6) . The predominance of the genera Micromonas, Bathycoccus and Ostreococcus in coastal waters was earlier reported Shi et al. 2009 ). However, we found that their relative dominance differed according to oceanic region, although they generally occurred in similar regions. Micromonas was abundant in central shelf waters, whereas Ostreococcus was more abundant in shelf water affected by the oligotrophic KC and at the DCM depths of the tropical and subtropical open ocean. On the contrary, Bathycoccus, which was less abundant than Micromonas and Ostreococcus at most stations, accounted for up to 15% of all PPEs around the DCM depths of the ocean, showing a tendency to favor the lower euphotic depths of the oligotrophic ocean. Thus, the ecological niches of the three Mamiellophyceae seemed to extend to the DCM depths where relatively more nutrients are available throughout the thermocline. In addition, the specific niches of the three genera seemed to be defined by various environmental gradients created by diverse mechanisms such as mixing of the water masses, and nutrient flux from sediment and/or subsurface water, as indicated by both their spatial distributions and CCA analysis (Figs 6 and 7) .
Prymnesiophyceae dominated the PPE community of the oligotrophic open ocean (Fig. 4) . Such dominance in oligotrophic waters is consistent with the findings of previous studies; Haptophytes predominate offshore, as shown using diverse approaches such as HPLC pigment analyses, cloning of plastid rDNA and psbA transcripts, dot-blotting and FISH (Latasa and Bidigare 1998; Not et al. 2008; Lepére, Vaulot and Scanlan 2009; Jardillier et al. 2010; Man-Aharonovich et al. 2010) . The OTUs clustered in the Prymnesiophyceae were very diverse; most could not be assigned to known cultured species, suggesting that further efforts to isolate these tiny microorganisms are required to understand the biological processes of the surface waters of oligotrophic oceans in more detail. In addition, Prymnesiophyceae predominated in ECS stations affected by coastal waters. However, the dominant OTUs belonged to a clade that included Phaeocystis globosa and sequences from the haptophyte-type kleptoplastid of Phalacroma mitra, thus, differing from the sequences of open-ocean representatives (Fig. 6) . As large Phaeocystis blooms have been recorded on the southeast coast of China and other coastal areas (Cadee and Hegeman 1986; Eilertsen, Taasen and Weslawski 1989; Huang, Dong and Zheng 1999) , the predominance of Phaeocystis-like sequences in shelf waters of the ECS seems to indicate that, physiologically and ecologically, they favor mesotrophic and eutrophic conditions. An OTU affiliated with Braarudosphaera was detected at mid-euphotic depths of the warm pool and attained a maximum (30.5% of all OTUs) at the 75 m depth of Stn P11 (Fig. 6) . A unicellular prymnesiophyte within the clade that includes Braarudosphaera species is known to be symbiotically associated with the nitrogen-fixing cyanobacterium UCYN-A (Thompson et al. 2012 (Thompson et al. , 2014 Hagino et al. 2013) , suggesting that these bacteria may contribute to nitrogen fixation in subtropical oceans.
The Chrysophyceae had a wide spatial distribution (Fig. 4) . Although they were less prominent than the Prymnesiophyceae, the Chrysophyceae were the second most dominant PPE in the upper euphotic depths of subtropical oligotrophic waters. However, most OTUs did not cluster with those of cultured species of freshwater or marine water (Fig. 5) . In the southeast Pacific Ocean and Arabian Sea, the Chrysophyceae were also widespread and predominant, particularly in surface waters (Fuller et al. 2006a; Shi et al. 2009 ). Thus, Chrysophyceae seem to be able to adapt to nutrient-poor oligotrophic surface waters. However, two OTUs attained their maxima in shelf waters of the ECS (Figs 4 and 5) , suggesting that the Chrysophyceae contain not only oligotrophic water-adapted species but also species adapted to coastal waters.
The most dominant OTUs of the prasinophytes fell into the 'Prasino-clade-IX' group, and occurred principally in the warm pool (Figs 4 and 5) . Conversely, OTUs of 'Prasino-clade-VII' constituted up to 4.9% of all OTUs in the surface water of Stn A3, which was affected by oligotrophic Kuroshio water (Fig. 4) . The prasinophyte clades VII and IX have been found in oligotrophic areas of the Mediterranean and the southeast Pacific gyre (Shi et al. 2009; Shi et al. 2011) ; these clades are thus adapted to oligotrophic offshore water.
Cryptophyceae was found only at ECS stations affected by cold shelf waters, and were thus very restricted in distribution (Fig. 4) . The sequences of the principal OTUs were identical to those of Teleaulax amphioxeia (a synonym of Rhodomonas amphioxeia) (Fig. 5) . Most Cryptophyta sequences are found in coastal waters of temperate and polar regions, and are more abundant in coastal waters than offshore (Vaulot et al. 2008; Lepére, Vaulot and Scanlan 2009 ). Thus, their ecological niche is relatively cold but nutrient-rich coastal water.
In the NW Pacific, the Pelagophyceae were relatively uncommon (<10% of all PPEs), occurring in significant numbers only at DCM depths (Fig. 4) . However, in a previous study in the SE Pacific Ocean (Shi et al. 2011) , the Pelagophyceae were common in oligotrophic regions, together with the Prymnesiophyceae and Chrysophyceae, suggesting that differences in environmental conditions affected the growth of Pelagophyceae in the two oceans. In the present study, the most abundant OTU was similar to that of Pelagomonas calceolata, which is widely distributed in both mesotrophic and oligotrophic waters (Shi et al. 2011) .
Two OTUs affiliated with the genera Pseudonitzschia and Minutocellus dominated the Bacillariophyceae of the deep euphotic depth of the ECS (Fig. 4 ), but were absent from the warm pool, suggesting that the Bacillariophyceae are a dominant PPE component of nutrient-rich coastal water. The genus Minutocellus is a pico-sized diatom (Hasle and Syvertsen 1996) . However, the supposed dominance of a genotype affiliated with Pseudonitzschia seriata (which is both long [ca. 92∼100 μm] and wide [5∼8 μm], Hasle and Syvertsen 1996) may be an artifact of size fractionation or may signal the presence of an unknown pico-sized diatom exhibiting high-level sequence homology to Pseudonitzschia seriata.
In conclusion, modern high-throughput sequencing allowed the spatial distribution of PPEs to be elucidated in detail. We defined the general distribution patterns of dominant PPE lineages in the NW Pacific, which were similar to those of other oceanic regions. Also, the detailed spatial distributions of diverse PPE groups at low taxonomic levels were elucidated by sequence and phylogenetic analyses.
